In this work, low concentrated ammonia solution (up to ~10 wt.%) was used to capture from blast furnace gas(BFG), compared to exhausted gas from power plant have a high CO 2 concentration(up to ~23 vol.%). Pilot plant with processing capacity of 50Nm 3 -BFG/hr was built at POSCO in late 2008. Changing the operating conditions in pilot test with the absorption and regeneration temperature, circulating flow-rate of ammonia solution between absorber and stripper, the side stream ratio of columns for removing the slipped ammonia, and then collect the data such as gas flow rates, concentration of gas. Based on the collected data, we analyze the results such as CO 2 removal efficiency, purity of recovered CO 2 and consumed utilities (steam, cooling water,…). Through the analysis of results, we will find the main factors affecting the operation of ammonia-based CO 2 capture process and design CO 2 capture plant with the capacity of 1,000 Nm 3 -BFG/hr.
Introduction
CO 2 is extracted at some point in the energy conversion step, depending on the type of energy technology used: (1) pre-combustion, (2) post-combustion and (3) oxy-fuel combustion. CO 2 capture in post-combustion is strategic for the retrofit of the many existing plants emitting CO 2 . In order to effectively separate CO 2 in exhausted gas of industrial process, various technologies for CO 2 capture are developed or under development base on chemical absorption, physical absorption, dry adsorption, and membrane separation. Among of them chemical absorption process using amine-based solution has been developed and currently commercialized. The amine-based, specifically monoethanolamine (MEA), process has been recognized as the most effective technology for CO 2 recovery at chemical and natural gas plants.
The cost of capturing CO 2 from power generation point sources using current technology is very high. While these MEA-based technologies are commercially viable to produce CO 2 for the food processing and chemical manufacturing industries, they are considered to be too costly for the removal of CO 2 from power plant flue gases for potential sequestration purposes. Many of theses works are focused on less energy consumption in CO 2 regeneration step than currently operated process for CO 2 capture.
In terms of CO 2 Capture, a lot of studies in power plant have been made by researchers, but CO 2 capture in ironmaking industry has been done little attention till now, even though ironmaking industry emit more CO 2 than power plant at single point of source [1] . Many researchers thought that CO 2 Capture technologies, developed to target the power plant, may be considered to be applicable, but in reality difficult to apply to ironmaking process. There are some differences between power plant and ironmaking plant such as the gas composition in exhaust gas, the usage of CO 2 -lean gas recovered from CO 2 removal and the utilization of waste heat utilization. The difference can be explained as follows; 1) In exhaust gas, the CO 2 concentration of ironmaking process is 20 ~ 23 vol.%, but the one of power plant is 10~15 vol.%. CO 2 concentration of feeding gas gives effect to the absorption rate and efficiency. 2) In ironmaking process, CO 2 -lean gas recovered from CO 2 removal is reused as fuel gas of power plant. After removing the CO 2 , recovered gas has higher combustion energy per volume, and so can be used effectively to generate electricity. 3) In iron-and steel-making industry, much low and medium temperature waste heat, not recovered due to the economic feasibility, exist. Using these waste heats as regeneration energy of CO 2 Capture process, the energy cost of CO 2 capture process will be decrease remarkably.
For these reasons, we are focusing on developing an ammonia-based process to capture CO 2 from blast furnace gas (BFG) which contains high concentration CO 2 and is the major CO 2 -emitting source at ironmaking industries.
The reaction chemistry of CO 2 in aqueous ammonia
Possible reaction between NH 3 and CO 2 are followings [2] [3] [4] . The total reaction of CO 2 in aqueous ammonia can be described as the equation (1, 2):
The actual process of the reaction is more complicated, that can be described as reactions followed. 
At the same time, the balances of solute ionizing and ion reactions are occurring in the solution, and the reaction equations are (5) - (9) Among the conventional CO 2 chemical removal processes, the monoethanolamine(MEA) process has been comprehensively studied and successfully used in chemical plants for CO 2 recovery. Although the MEA process is a promising system for the control of CO 2 emissions from massive discharging plants, it is an expensive option since the cost of CO 2 separation may range from US$ 40 to 70/ton of CO 2 removed [5] . CO 2 capture using ammonia solution offers several advantages over the commercially available amine-based process for CO 2 capture from coal-fired power plants. The following items can be compared; CO 2 loading capacity, equipment corrosion,, absorbent degradation, make up rate & cost, energy consumption during regeneration, etc. [6] and summarized in Table 1 . In Bai's studies [7] , the data were published comparing maximum CO 2 loading capacity in MEA solution and in ammonium hydroxide solution on an equal weight-of-absorbent basis. It was concluded that the maximum CO 2 removal efficiency by NH 3 absorbent can reach ~99% and the CO 2 loading capacity can approach 1.2 kg CO 2 /kg NH 3 . On the other hand, the maximum CO 2 removal efficiency and loading capacity by MEA absorbent are 94% and 0.40 kg CO 2 /kg MEA, respectively, under the same test conditions. In other words, ammonia's CO 2 loading is three times that of MEA's.
Experimental Section

Process Description
The RIST Ammonia Process captures CO 2 from BFG by direct contact with a CO 2 -lean ammonia solution. In the absorption reaction, ammonia or ammonia carbonate reacts with CO 2 in the BFG to form ammonium carbonate or ammonium bicarbonate. After passing through the absorber the CO 2 -lean BFG undergoes a water wash section to remove any solution droplets carried over and then leaves the absorber. The CO 2 -rich solution is sent to the top of the stripper, via a heat exchanger with the CO 2 -lean solution, where the chemical reaction is reversed with the applied heat supplied to reboiler to maintain the regeneration conditions. Ammonium bicarbonate or ammonium carbonate decompose at the relatively low temperature of 80 ~ 85 [8] . This compares with a 120°C regeneration temperature for MEA solutions. Therefore, ammonia liquor featuring a low regeneration temperature is recommendable for the CO 2 absorption process at iron and steel works where there is a lot of waste sensible heat at low and medium temperature.
Ammonia gas and CO 2 can be separated by using ammonia's property, which is a high solubility in water. CO 2 in pure form will be separated by the regeneration reaction. The regenerated CO 2 -lean solution is returned to the bottom of the absorber, via a heat exchanger with the CO 2 -rich solution and a cooler, where it is reused to capture CO 2 in the BFG. Washing water is supplied in the upper part of each column towers (absorber & stripper) to remove ammonia in outlet gas (CO 2 -lean BFG & Recovered CO 2 ). Washing water containing ammonia is sent to the ammonia concentrator and then aqueous ammonia is concentrated with high concentration of ammonia by heat supplied, depending on operation conditions (temperature & pressure). Concentrated ammonia is re-supplied to the lower part of the stripper.
The following Table 2 indicates the composition of the BFG. The CO 2 concentration in BFG is about 2 times larger than the flue gas of coal-fired power plant. The BFG pumped into the absorber by a blower Using a real BFG, all of these steps were tested at the pilot facility installed at POSCO's site. The pilot facility constructed at POSCO is designed to treating 50 Nm 3 -BFG/hr. The process diagram of CO 2 capture using aqueous ammonia solution from BFG is shown in Figure 1 . The gauze-type structured material, purchased by AMT pacific, was used as an internal packing in the absorber, stripper, and concentrator. The specifications of the absorber, stripper, and concentrator are as below (Table 3) ; 
Experimental section
The pilot facility installed at POSCO was used to study the effects of the concentration of ammonia, the gas to liquid flow rate ratio (G/L ratio), and the temperature of absorber & stripper on ammonia slip. The circulating flow rate of ammonia solution and the concentration of ammonia varied from 400 to 700 kg/hr and from 5 to 9 wt.% respectively. The flow rate of feeding gas (BFG) was fixed at 50 Nm 3 /hr. The temperature and pressure of BFG pumped into the absorber by a blower were 35 ~ 65 and ~0.18 bar respectively.
The ammonia concentrations in aqueous solutions and in gases were measured by the wet titration method and the gas detector tube method respectively. The compositions of CO & CO 2 in gases were measured at the inlet & outlet of the absorber and the outlet of the stripper by the Gas Analyzer, and then the CO 2 removal efficiency was calculated as follows (10) 
Results & Discussions
Previous lab. studies [9] on CO 2 removal by ammonia-based absorption and regeneration system had been performed in packed towers with various concentrations of ammonia solutions ranging from 2 to 7 wt.%. In this pilot plant test, the concentration of ammonia solution was varied from 5 to 9 wt.%.
The gas flow rate and CO 2 concentration of absorber and stripper were shown in Figure 2 Figure 3 , even though a lot of changes in BFG inlet temperature, but the changes in the concentrations of emitted gases (BFG outlet & recovered CO 2 ) were negligible. The same experiments for 7 & 9 wt.% NH 3 solution were carried out and their CO 2 removal efficiency were obtained over 90%.
The most important factors for determining the regeneration energy of system were the NH 3 concentration and circulation flow rate of absorbent which determine the amount of sensible heat of regeneration. The effect of NH 3 concentration on regeneration temperature is shown in Figure 6 . Regeneration temperature in the stripper decrease with the increased ammonia concentration, which is as a function of ammonia concentration & pressure. The regeneration temperature of 5, 7, 9 wt.% ammonia solution were ~87, ~83, and ~78 respectively. Generally the solubility of gas into water decreases with the increase of the temperature. Therefore, the temperature increase in the absorber due to the absorption heat decreases the CO 2 solubility into NH 3 solution. We tried to reduce the temperature increase by using a side stream for the cooling purpose in which a portion of absorption liquor is split at the middle stage of the absorber, and then it was cooled down, re-supplied to the same stage of absorber. The result of cooling effect was shown in Figure 9 . The temperature of absorber has directly influences on the NH 3 slip concentration in BFG outlet as shown in Figure 8 . NH 3 slip concentration was rapidly decreased with the decreased temperature of the absorber. Figure 8 . Changes of NH
The methods reducing the NH 3 slip concentration in BFG outlet are adapting the washing water in the upper part of the absorber or the cooling of the absorber by the side stream cooler. As shown in Figure 9 , the effect of the side cooler was tested with varying the ratio of side stream to total circulating flow rate at a fixed amount of washing water. The temperature of absorption column was decreased more than ~5 with the increased side stream ratio of over 50%, and then NH 3 slip concentration in BFG outlet was reduced to less than ~100ppm. Figure 10 shows the effect of the steam consumption rate & CO 2 removal efficiency depending on the side stream ratio. Although an increase in the side stream ratio was reducing the NH 3 slip concentration, but energy (steam) consumption was increased, therefore, optimization of these relationships is needed. The CO 2 removal efficiencies with the cooling of absorbent solutions were increased by 1~2% as shown in Figure 10 . As mentioned earlier, this is maybe due to the increase of CO 2 solubility or the decrease in absorption temperature.
Summary & Conclusions
The pilot facility installed at POSCO was used to study the effects of the concentration of ammonia, the gas to liquid flow rate ratio (G/L ratio), and the temperature of absorber & stripper on ammonia slip. The circulating flow rate of ammonia solution and the concentration of ammonia varied from 400 to 700 kg/hr and from 5 to 9 wt.% respectively. The flow rate of feeding gas (BFG) was fixed at 50 Nm 3 /hr. In the experiments of changing NH 3 3 slip concentration in BFG outlet with temperature of absorber(T115) concentrations, CO2 removal efficiencies were obtained over 90% and the regeneration temperature of 5, 7, 9 wt.% ammonia solution were ~87, ~83, and ~78 respectively. These results compare with a 120°C regeneration temperature for MEA solutions. The following Table 4 summarizes the results outlined. The temperature of absorption column was decreased over ~5 by applying the side cooler, and then NH 3 slip concentration in BFG outlet was reduced to less than ~100ppm. Therefore, ammonia liquor featuring a low regeneration temperature is recommendable for the CO 2 capture process at iron and steel works where a lot of waste sensible heat at low and medium temperature exists.
Future Work
The results of pilot test presented here show some of the issues related to ammonia-based CO 2 capture such as ammonia slip in BFG outlet, temperature controlling of absorber, process optimization of CO 2 absorption and regeneration, and process heat integration. Further work will focus on the process optimization to minimize the energy consumption & ammonia loss and the establishment of 1,000 Nm 3 -BFG/hr pilot plant, which is scheduled to be constructed in the middle of 2011 by the government's support.
